




The luminosity is, together with the beam backgrounds, the most important
collider parameter as seen by the physics experiments that are installed at a col-
lider. This document will first present the definition of the luminosity and its
dependence on beam and accelerator lattice parameters. Direct measurement
techniques, based on low-angle Bhabha or hadron detection, will be presented
and compared to indirect determinations from beam and accelerator parame-
ters. Luminosity optimization by beam overlap scans will be discussed.
1 Definition of the luminosity
When a particle encounters a target or another beam there is a certain probability that the encounter
produces a final state composed of various particles. The likelihood of the process is expressed by its
cross-section σ which represents virtually the area over which the process occurs. The cross-section σ
is a surface and is expressed in units of m2. In nuclear and high-energy physics a more common unit is
the barn (b), where 1 barn = 10−24 cm2. Typical cross-sections for rare processes like Higgs and exotic
particle production are in the range of pb (picobarns, 10−36 cm2) to fb (femtobarns, 10−39 cm2).
For two colliding beams the number of collisions per unit time interval (the event rate) that produce
the final state of interest is proportional to the cross-section, but it also depends on how well the beams
collide and how much beam there is in the collider. The luminosity L quantifies the performance of the




= σL . (1)
Besides quantifying the collider performance, the luminosity is also needed to determine the cross-
section for a process from the measured event rate. Typical demands on the accuracy on L range from the
per mil to the few per cent level. The luminosity L is usually expressed in units of cm−2s−1. For modern
colliders L lies in the range of 1028 to 1034 cm−2s−1. The PEP-II and KEKB B-factories have achieved
luminosities in excess of 1034 cm−2s−1, and the LHC design luminosity is around 1034 cm−2s−1.





Ldt = σLint . (2)
Frequently Lint is expressed in pb−1 (1036 cm−2) or fm−1 (1039 cm−2). For Lint = 1 pb−1 a process
with a cross-section of 1 pb yields one event (on average).
A collider with a luminosity of 1031 cm−2s−1 that operates with an efficiency of 100% for 24
hours produces an integrated luminosity of
Lint = 8.6× 1035 cm−2 = 0.86 pb−1 , (3)
i.e., almost 1 pb−1. Integrated luminosities of the order of 1 fm−1 per day can be produced by the KEKB
and PEP-II B-factories and by the LHC at its design luminosity of 1034 cm−2s−1.
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2 Luminosity and machine parameters
To better understand the concept of luminosity, it is useful to relate it to accelerator parameters. Intu-
itively the luminosity depends on:
– the number N of particles that collide;
– the distribution of the particles within the beams, usually characterized by the r.m.s. beam sizes
σx, σy and σs where x, y and s label the horizontal, the vertical, and the longitudinal plane;
– the collision frequency that depends on the revolution frequency f and on the number of bunches
k (for a bunched beam).
The general expression of the luminosity for two bunched beams (labelled 1 and 2) is [1]
L = kfN1N2
∫
ρ1(x, y, s, t)ρ2(x, y, s, t)dxdydsdt (4)
where ρi(x, y, s, t) represents the density distribution of the particles of beam i. Here s is the longitudinal
coordinate and t the time. In the absence of crossing angles, the distributions for beams with Gaussian
profiles can be decomposed into














with c the speed of light and u0 the offset of the beam position with respect to the origin of the coordinate
system. When the expressions for ρu are substituted in Eq. (4) and integrated, one obtains the general

























where ∆x and ∆y are the offsets between the beams at the collision point for the horizontal and vertical













From this expression for beams of equal size, one obtains the standard expression for the luminosity




For a separation of one σ in one of the two planes, for example ∆x = σx, the luminosity reduction is
exp(−1/4) = 0.78 with respect to the peak luminosity for ∆x = 0.
When the beams cross at an angle, as is frequently the case for modern high-luminosity colliders,
see for example Fig. 1 and Fig. 2, the luminosity is reduced because the particles no longer traverse the
entire length of the counter-rotating bunch. In the absence of transverse offsets, ∆x = ∆y = 0, the













where φ is the full crossing angle (i.e., the angle between the two beams). The luminosity degrades as
the bunch length projection σs × tan(φ/2) becomes more important with respect to the transverse beam
size. For example, at the LHC the luminosity reduction due to the 300 µrad crossing angle is ≈ 17% for
σx = 16 µm and σs = 7.6 cm.
In all equations that have been presented so far, it was implicitly assumed that the beam sizes are
constant over the collision region. This is usually a good assumption, but for very strong focusing when
the bunch length σs approaches or is smaller than the betatron function β∗ at the collision point, the
beam size may vary significantly over the length of the collision region, producing a so-called hour glass
effect. In such a case a numerical integration of Eq. (4) may become necessary [1].
3 Evolution of luminosity measurements
The direct determination of the luminosity from beam and lattice parameters using the equations pre-
sented in the previous section is made at every collider, at least as a means to estimate the quality of the
beam and lattice measurements (Section 4). It turns out that this simple method does not usually provide
a sufficiently accurate luminosity measurement, in particular because the collision offsets that can easily
affect the luminosity at the level of a few per cent are not easy to measure accurately and continuously
while the beams collide. As a consequence, other techniques have been developed to provide an absolute
luminosity measurement: S. Van de Meer devised a beam scan technique for the ISR to determine the
absolute luminosity that is still in use more than 40 years after its development (Section 4.1).
For most accelerators, accurate measurements are obtained by monitoring a physics process that
can be either computed theoretically with sufficient precision or calibrated during special calibration
runs (Section 5). The Bhabha scattering process is used universally at all e+e− colliders for accurate
measurements of the luminosity (Section 5.1). For hadron colliders the situation is more complicated
because the theoretical computation of cross-sections for strong interaction is more delicate (Section 5.2).
The use of the optical theorem that relates the cross-section to the scattering rates in the forward region
to calibrate the luminosity was first used at the ISR. This technique involves special detectors that can be
moved very close to the circulating beams in order to perform measurements at the smallest scattering
angles. This technique will again be used at the LHC for the luminosity calibration (Section 5.3).
4 Luminosity determination from machine parameters
The a priori most evident way to determine the luminosity is to compute it from machine parameters:
– k and f are known to high accuracy.
– The number of particles per beam N (or alternatively the beam currents) can be measured to an
accuracy level of 1% from a well calibrated beam current transformer.
– The beam sizes σu are more difficult to measure, since they cannot be determined at the collision
point owing to the presence of the experiment. The beam size must be obtained from the beam
emittance and from a measurement of the betatron function at the collision point. Dispersive
contributions to the beam size may have to be taken into account as well. It is in general difficult
to determine σu to better than 5–10% accuracy, in particular for e+e− colliders running at large
beam–beam tune shifts.
– When the beams cross at an angle, the crossing angle φmust be determined with sufficient accuracy
using nearby Beam Position Monitors (BPMs). Figure 1 shows the layout of an LHC collision
point with BPMs installed in the vicinity of the collision point to extrapolate the beam positions
and angles to the collision point.
Unless a special effort is made it is in general not evident to deduce the luminosity to better than 5–10%
accuracy from the machine parameters. With special effort the accuracy can be reduced to a few per cent,










Fig. 1: Layout of an LHC collision point. The beams cross with an angle φ = 300 µrad in either the horizontal
or the vertical plane. BPMs are installed in the vicinity of the collision point to determine the crossing angle. The
symbols B1 and B2 refer to the two beams.
Fig. 2: Crossing angle and vertical separation scan at the ISR
4.1 Van de Meer scans
An elegant luminosity determination is based on an idea suggested by S. Van de Meer for the ISR
where it was used to calibrate the luminosity measurement with an accuracy around 1%, as described in
Refs. [2–4]. The ISR was colliding two coasting (unbunched) beams with a horizontal crossing angle.
In such a configuration of coasting beams L does not depend on the horizontal beam offsets. L only










The principle is shown in Fig. 2 and Fig. 3. The beams must be scanned as a function of the vertical
position y0 and the reaction rate recorded for each separation setting. In the following sections we shall
discuss ways to measure a reaction rate. The luminosity at the optimum setting can be determined from
the normalized rate heff that does not depend on knowledge of the absolute cross-section. It is, however,
necessary to have a bias-free rate measurement and the scale of the scan must be known to high accuracy.
At the ISR the scale was calibrated with beam scrapers. Obviously such scans also provide the optimum
setting for best beam overlap and highest luminosity.
For bunched beams the scans must be performed for each plane independently. As an illustration
one can derive the general equation for a Van de Meer scan of beam with Gaussion profile based on
Eq. (8). The reaction rate is proportional to the luminosity and to the beam offsets
















Fig. 3: Principle of the Van de Meer scan with the event rate as a function of the vertical beam separation. The
luminosity is obtained from the ratio of the rate at a given separation y0 to the integrated rate represented by the
blue surface. It is not necessary to perform any absolute calibration of the rate.


















For a horizontal scan with fixed vertical separation one obtains the horizontal effective height at the








When scanning in a given plane it is not necessary to be at the optimum setting for the other plane, since
the effect of the offset in the orthogonal plane cancels out in heff. The effective height basically measures
the beam size in the plane that is scanned. Equation (9) for peak luminosity may be re-expressed in terms
of the effective heights:
L = kfN1N2heff,xheff,y . (17)
One of the main difficulties is the precise calibration of the scan scales, since this uncertainty
enters directly in the luminosity error. Careful calibrations of the steering elements must be performed
using response measurements, or the profiles must be calibrated accurately using beam halo scrapers as
was done at the ISR.
Another potential complication arises for high beam–beam tune shift colliders like LEP or the
B-factories where the beam size may vary significantly as a function of the beam separation during such




5 Luminosity measurements from cross-sections
For a known or well calibrated physics process, the definition of the luminosity may be inverted such as




To perform a good measurement of L it is necessary to find a physics process that satisfies the following
criteria:
– The process is theoretically very well established and the cross-section σ can be computed with an
adequate accuracy.
– The rate N˙ is high to ensure a sufficient statistical accuracy (for a fast measurement) and can be
measured experimentally with the desired accuracy.
– Background processes contributing to N˙ are well known, can be experimentally identified, and
their contribution can be subtracted.
5.1 Luminosity measurement at e+e− colliders
For linear or circular e+e− colliders the Bhabha scattering process is normally used for luminosity mea-
surements:
e+e− −→ e+e−(nγ) (19)
where γ is a photon. This process has a large cross-section and it is almost a pure electromagnetic
interaction that may be computed from quantum electrodynamics (QED). At LEP the cross-section could
be computed theoretically to an accuracy of better than 0.05% [5]. To enhance the rate and reduce
contributions that do not arise from QED, the detector should be installed at a small angle to the beam.
The cross-section for a detector covering the angular range from θmin to θmax is





At LEP each of the four experiments had a luminosity monitor covering the angular regions between
θmin = 30 and θmax = 50–100 mrad. The detectors were installed on both sides of the collision points
to detect both the outgoing electrons and positrons and to reduce the background with coincidence mea-
surements. The detectors were usually composed of an electromagnetic calorimeter, based for example
on scintillating crystals, and an accurate tracking detector based on silicon strip or pixel detectors to mea-
sure precisely the angle of the outgoing electrons and positrons. The experiments achieved measurement
accuracies at the 0.1% level [6]. To reach such accuracies at small angles, the alignment of the detector
is of extreme importance.
The LEP machine had its own detectors that were installed at smaller angles between 2 and 5 mrad
to achieve faster update rates, see Fig. 4 and Ref. [7]. The detectors were composed of a sandwich
of tungsten plates (to produce the electromagnetic showers) interleaved with silicon strip detectors to
measure the position of the shower and the shower energy (Fig. 5). The absolute accuracy of the machine
detector was poor and the detectors were calibrated with respect to their counterparts from the four LEP
experiments. The machine monitors were used mainly for luminosity optimization as will be discussed
later.
5.2 Luminosity measurement at (anti-)proton colliders
For the case of (anti-)proton beams, it is more difficult to find processes where the theoretical cross-




Fig. 4: Layout of the LEP machine luminosity monitors (from Ref. [7]). The e+ and e− pairs from Bhabha
scattering are observed with coincidences from detectors on either side of the collision point.
Fig. 5: Schematic drawing of the LEP machine luminosity monitor. Each detector consists of a sandwich of
tungsten plane and silicon detectors. Some detectors consisted of 16 Si strips (labelled Sj) to determine the
position of the shower, while others consisted of a single channel (labelled Fj) to measure the total signal. The
radiation length of tungsten is 3.5 mm. The position of the shower maximum is around 6–7 radiation lengths.
– Lepton pair production
p + p −→ X + Y + l+l− (21)
where X,Y represent either a proton or a hadron jet and l+l− is a lepton pair (electron or muon).
– W or Z boson production
p + p −→ X + Z −→ X + l+l− (22)
p + p −→ X + W −→ X + l(+/−)ν (23)
since the Z and the W may be identified by their decay into a lepton pair (Z) or a lepton and a
neutrino (missing energy).





















































Fig. 6: Illustration of the processes that can be used in (anti-)proton–proton collisions to measure or monitor the
luminosity: lepton (electron or muon) pair production l+l− and W/Z boson production. The incoming protons are
shown on the left, the outgoing particles on the right. The interaction at the collision point is represented by the
circle.
Fig. 7: Layout of the LHC interaction region where the two counter-rotating proton beams collide in a section
of common vacuum chamber. The location indicated as IP corresponds to the collision point. The two beams
are indicated by the red lines. The D1 dipole magnets are used to separate/recombine the two beams. Owing to
the close bunch spacing of 25 ns, the beams must collide with a crossing angle. The neutral particles (neutrons,
photons, neutral pions, etc.) that are produced at very small angle (basically along the beam directions) are absorbed
in neutral particle absorbers (TAN) on either side of the collision point. The LHC luminosity detectors are installed
inside the TAN absorbers.
In cases where only a relative luminosity measurement is of interest, it is sufficient to measure the
particle rate at a small angle to ensure that the measurement is fast enough. The rate will be proportional
to the luminosity, only the absolute calibration will not be known. At the LHC the machine luminosity
monitors that are used to bring the beams into collisions and to optimize the beam overlaps are located in
the very forward region. They are installed in the neutral particle absorber between the dipole magnets
that separate and recombine the two beams around the collision point, see Fig. 7. At the two high-
luminosity collision points of the LHC this location is highly radioactive with yearly integrated radiation
doses above 100 MGy at nominal performance. The detectors must therefore be robust and survive many
years of operation without any maintenance [10]. A very fast ionization chamber filled with argon gas
was chosen as detector. At the two low-luminosity collision points (factor 100 or more lower luminosity)
a fast detector based on CdTe crystals was selected [10].
5.3 Luminosity measurement at (anti-)proton colliders from the optical theorem
An alternative for protons is to measure the cross-section at very small angles and use the optical theorem















Fig. 8: Layout of the TOTEM experiment at the LHC, with detectors (Roman Pots, labelled RPi, i = 1,2,3) installed
between around 150 and 220 m from the collision point
In this context t represents the four-vector momentum transfer between the incoming and outgoing pro-
ton; ρ is the ratio of the real and imaginary part of the elastic nuclear scattering amplitude in the forward
direction (zero angle); ρ ≈ 0.135 [9, 11]. Here Rel is the event rate for elastic proton–proton collisions
p + p −→ p + p (25)
while Rinel is the event rate for inelastic collisions
p + p −→ p +X (26)
and N˙ = Rel+Rinel. For elastic scattering of the protons with momentum P at an angle θ, the momentum
transfer t is:
t = −2P 2(1− cos θ) ∼= −2P 2θ2 . (27)
To determine the cross-section, both the total event rate as well as the elastic rate must be measured. The
elastic rate must be extrapolated to the forward direction t = 0. To minimize the extrapolation errors, the
scattering angles must be as small as possible. Such a measurement requires special detectors that can
move very close to the beam to determine Rel at the smallest possible angles and momentum transfer,
and minimize the errors due to the interpolation. Such detectors are nicknamed Roman Pots due to their
pot-like shape. Such measurements have been performed at the ISR [12], Spp¯S [13], the Tevatron and
are foreseen for the LHC, see, for example, Ref. [11] for an overview of the results. At the LHC the
measurements will be performed by TOTEM [14] (Fig. 8) and ATLAS [15]. The luminosity calibrations
are performed under very special machine conditions and must be cross-calibrated with other detectors
of the CMS and ATLAS experiments. A special optics with low divergence (and large-sized) beams at
the collision points must be designed for such measurements [16]. In order to achieve the desired 1%
accuracy, the detector alignment and systematic errors must be well controlled. The machine parameters
(emittance, local optics, beam energy, etc.) must be determined and stabilized with very tight tolerances.
5.4 Luminosity measurement at ion colliders
At ion colliders the luminosity may be determined from the measurement of neutrons scattered in the
forward direction with a precision of the order of 5% [17]. The neutrons are detected with so-called Zero
Degree Calorimeters (ZDC). The ZDCs are designed to measure neutrons scattered in the very forward
direction during ion beam collisions in two-ring colliders. Such detectors are in use at RHIC [18] and





















































1 ] A:   0.96 ±.13 µm
B:   1.13 ±.15 µm
C:   0.61 ±.17 µm
       0.9 µm
A:   4.79 ±.17 µm
B:   4.93 ±.15 µm
C:   5.26 ±.35 µm
       5.0 µm
A:   1.91 ±.25 µm
B:   2.84 ±.23 µm
C:   2.05 ±.36 µm
       2.3 µm
A:   12.92 ±.15 µm
B:   13.59 ±.13 µm
C:   12.55 ±.18 µm
       13.1 µm
Nominal separation in µm
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Fig. 9: Example of a luminosity optimization scan at LEP. The luminosity is determined separately for each bunch
of a train (labels a,b,c). The optimum setting for the overlap is different for each bunch type.
6 Luminosity optimization
Frequently the primary goal of the machine operation crews is to maximize the luminosity by achieving
the best possible overlap of the beams and not necessarily to measure the absolute luminosity. In that
case a relative measurement is sufficient. Any process that yields a sufficient rate is acceptable for
the luminosity measurement. For e+e− colliders Bhabha scattering is the optimum solution, while for
hadrons it is possible to monitor the particles that come out of the collision point at small angle. Note
that background processes or overlapping events may introduce systematic biases that may have to be
taken into account.
An example of luminosity optimization scans at LEP is shown in Fig. 9. The scans were made at
each collision point individually. In the example one can observe the luminosity for the three bunches
(a,b,c) of a bunch train. The optimum setting is not the same for each bunch owing to parasitic beam–
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Fig. 10: Coherent deflection of the bunches by the beam–beam force (electromagnetic field) of the counter-rotating
bunch
An alternative to the luminosity scan is to use beam position measurements to define the optimum
beam overlap. Achieving sufficient accuracy poses tight constraints on position monitor systematic errors
(alignment, electronics, etc.) and is usually not sufficient. However, it is possible to define a reference
position for the beams using a luminosity scan and then to use this reference to reproduce or stabilize the
beam position over longer time intervals.
Continuous optimization may be performed if necessary by changing the separation in small steps.
At each step the luminosity is measured and compared with the previous step. If the luminosity is higher,
the new position is used as new reference and another step is made in the same direction. If the luminosity
is lower, a step in the other direction is performed. This procedure is performed continuously to maintain
the highest possible luminosity.
7 The beam–beam deflections
During the beam encounters, the individual particles of each beam are deflected by the electromagnetic
field of the counter-rotating beam. When the beams collide with a transverse offset, the bunches may
be deflected coherently by the electromagnetic field (beam–beam force) of the counter-rotating bunch
(Fig. 10). For e+e− circular and linear colliders, the beam–beam deflection may be reconstructed and
used to optimize the beam overlap at the collision point. This principle was first used operationally at the
SLAC Linear Collider [20] before being used at LEP2 [21].
We consider here the case of flat beams where at the collision point the vertical beam size σy
is smaller than the horizontal beam size σx. It is assumed that the transverse and longitudinal charge
distributions of the beams are Gaussian and that the bunch length σs is much larger than σy and σx.
As two bunches pass each other, the horizontal and vertical beam–beam kicks ∆x′ and ∆y′ received









F (x, y, σx, σy) (28)
where <e and =m are the real and imaginary parts of the function F (x, y, σx, σy):
F (x, y, σx, σy) = w
 x+ iy√
2(σ2x − σ2y)












where x and y are the horizontal and vertical distances from the test particle to the centre of the counter-




































  -2.4 +- 0.3 µm
σ
x
 = 199.8 +- 5.6 µm
σy =  2.19 +- 0.21 µm
ξx/ξy = 0.018 / 0.056
Fig. 11: Example of a vertical plane beam–beam deflection optimization scan at LEP (from Ref. [21]). The beam
separation is scanned in a range of ±16 µm which corresponds to 7 to 8 σy . The beam size values indicated on the
plot are extracted from the fit to the data. ξu are the beam–beam tune shifts. At LEP the horizontal beam size was
so large that no overlap optimization had to be performed.
For a particle close to the centre of the other bunch, the beam–beam kick increases linearly with




and vanishes when the particle is centred (u = 0). The deflection peaks at a separation of a few σu before
it falls off proportionally to the inverse of the beam separation. The saturation of the deflection is visible






2piγσu .(σx + σy)
. (32)
The average kick seen by the entire bunch differs from the kick seen by a single particle [24, 25].






where 1 and 2 label the two beams. The separations x and y represent the distances between the centres of
the two colliding bunches. Since the beam–beam deflection angle is zero is when beams collide without




To obtain the spatial coordinates of the beams at the collision points, the beam positions must be
measured at two beam position monitors (BPM) on each side of the collision point and extrapolated to
the collision point with the transfer matrices. To enhance the sensitivity of the measurements, one can
take advantage of the fact that the beam–beam kicks are of opposite sign for the two beams. The most
sensitive variable is θbb which corresponds to the difference of the deflections of the two beams,
θbb = (θ1L − θ1R)− (θ2L − θ2R) . (34)
Here θ is the beam angle at the collision point, L and R label the left and right sides of the collision point.
Depending on the exact configuration, θbb may be less sensitive to systematics errors of the BPMs and
their electronics because it involves difference measurements. An example for a beam–beam deflection
scan performed at LEP is shown in Fig. 11. The deflection θbb reaches a few ten’s of µrad which can be
measured rather easily. At the KEKB B-factory the beam–beam deflection angle is used for a continuous
stabilization of the collision point [26].
For undamped hadron beams the beam–beam tune shifts are typically one order of magnitude
smaller than for e+e− colliders which renders such deflection scans very difficult.
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